Alteration of autophagy is associated with cancer, diabetes and obesity, cardiovascular disease, neurodegenerative disease, autoimmune disease, infection, and chronic inflammatory disease. Autophagy is controlled by autophagy-related (ATG) proteins that act in a coordinated manner to build up the initial autophagic vacuole named the autophagosome. It is now known that the activities of ATG proteins are modulated by posttranslational modifications such as phosphorylation, ubiquitination, and acetylation. Moreover, transcriptional and epigenetic controls are involved in the regulation of autophagy in stress situations. Here we summarize and discuss how posttranslational modifications and transcriptional and epigenetic controls regulate the involvement of autophagy in the proteostasis network.
AUTOPHAGY IS A STRESS-RESPONSE catabolic process by which intracellular components are degraded via lysosomal enzymes (8) . Autophagy, which is induced or stimulated during many physiological stimuli and pathophysiological situations, is a pivotal actor in cellular and tissue homeostasis as well as metabolism, immunity, and development and has been shown to prevent cell modifications related to aging (64, 84) . The autophagic pathway also has a role in the quality control of the cytoplasm by removing protein aggregates and damaged organelles. Among the functions of autophagy in cell physiology are direct participation in regulation of levels of intracellular components, such as amino acids and lipids, and in carbohydrate recycling, which in turn influence cell metabolism and energy control (40, 62, 77) . Altogether, these direct and indirect functions of autophagy in cellular homeostasis suggest that this complex membranous pathway, regulated by many factors, is an overall protective mechanism. Autophagy is activated in response to cell integrity alterations and is dysregulated in a number of human disorders.
Autophagic pathway is initiated by the formation of a specific double-membrane organelle called autophagosome whose biogenesis is orchestrated by multiple signaling and membrane dynamics events, which are directly and indirectly controlled by specialized molecular complexes, notably containing the autophagy-related (ATG) proteins (65) . The first event is the specific assembly of a phagophore or isolation membrane, which is proposed to emanate from the omegasome, a subdomain of the endoplasmic reticulum (ER) membrane positive for phosphatidylinositol 3-phosphate (PI3P) as well as PI3P-binding proteins (4) . The phagophore elongates, traps cytosolic cargoes, and closes to form a mature autophagosome that will later fuse with the lysosome so that its luminal contents are degraded and components recycled.
Initiation of autophagosome biogenesis is definitively multifactorial (nutrient sensing, energy status, nutrient amount, pathological situations, and other stress situations) and involves several different, and complementary, mediators. Importantly, autophagy stimulation frequently involves kinases from the mechanistic target of rapamycin (mTOR) pathway; notably, autophagy is induced upon downregulation of mTOR complex 1 (mTORC1) kinase activity (33, 62) . The inhibition of mTORC1, by upstream signaling events, leads to activation of the UNC51-like kinase 1 (ULK1) complex [which includes focal adhesion kinase family-interacting protein of 200 kDa (FIP200), ATG101, and ATG13]. The ULK1 complex in turn activates, by several posttranslational modifications (PTMs), the phosphatidylinositol 3-kinase (PI3K) III complex, whose function is to synthesize a specific pool of PI3P (100) on the primary autophagosome-related membrane, which evidence suggests is the endoplasmic reticulum (ER). The PI3KIII complex is formed by association of Beclin-1, ATG14L, vacuolar protein sorting (VPS) 34 (the lipid kinase that produces PI3P), vacuolar protein sorting 15 (VPS15 or p150), and other regulators, such as vacuole membrane protein 1 and activating molecule in Beclin-1-regulated autophagy (AMBRA1).
Subsequent steps in autophagosome formation require PI3P-binding proteins, such as members of the WD repeat domain phosphoinositide-interacting protein (WIPI) family (79, 81, 114) . For example, WIPI2 participates in the recruitment of ATG16L1 and of the ATG5-ATG12 ubiquitin-like conjugate. The latter is responsible for the targeting, by lipidation (i.e., phosphatidylethanolamine conjugation), of the LC3 protein (the yeast ATG8 homolog). The omegasome gives rise to the cup-shaped phagophore structure, which closes to form the autophagosome. Finally, mature autophagosome will fuse with lysosome, a mechanism that is still poorly characterized. This latter step is notably controlled by multifactorial regulation requiring trafficking molecules such as small Ras-related proteins in brain (Rab)-GTPases, soluble Nethylmaleimide-sensitive factor attachment protein receptor (SNAREs), and more specialized endosomal and/or lysosomal-related equipment (96) .
Pioneering work in the field of autophagy has uncovered the role of ATG proteins in the regulation of autophagy (65) . More recently, it has become clear that PTMs of autophagy proteins and transcriptional control of autophagy gene expression are of importance in the regulation and function of autophagy (19, 59) . The aim of the present review is to present an up-to-date discussion of the role of transcriptional controls and PTMs (acetylation, glycosylation, phosphorylation, ubiquitination, and sumoylation) in the regulation of the autophagy machinery as well as the importance of epigenetic control of autophagy gene expression.
PTMs of Autophagic Proteins
More than 300 PTMs have been characterized. These different PTMs may influence the structure or stability of proteins by introduction of electrostatic or hydrophobic sites, thus modifying biological function. These modifications could also affect the destination or the localization of target proteins and their interactions with other partners. Thus, studies of the diversity of PTMs on autophagy proteins and their substrates are crucial for understanding mechanisms of autophagy. Most of the core autophagy proteins are modified by PTMs such as phosphorylation or addition of ␤-linked N-acetylglucosamine (GlcNAc) on Ser or Thr residues and acetylation or ubiquitination on Lys residues (107, 118) . These modifications are dynamic and can occur on the same site in competition and/or at different sites in cooperation or in a spatiotemporal fashion (15, 27, 36) . PTMs can be directed by physiological context such as nutrient availability or energy status. Herein, we focus only on PTMs of proteins that are part of the core autophagic machinery (i.e., ATGs and associated proteins).
Phosphorylation was the first PTM to be characterized, and phosphorylation is now recognized as critical to signaling. This process is dynamic and carefully regulated by large families of kinases and phosphatases. Most of the kinases that act on the core autophagy machinery are Ser/Thr kinases. In many cases, the same residues that can be phosphorylated may also be modified with O-GlcNAc, which is also a dynamic modification altered in response to nutrient levels. The O-GlcNAc modification occurs on soluble nuclear proteins such as transcriptional factor forkhead box O (FOXO) (73) and on cytosolic proteins (28) . UDP-GlcNAc, the donor of O-GlcNAc, is synthetized by the hexosamine biosynthetic pathway, which is one of the sensors of the nutritional state of the cell (27) . The rapid cycling of this sugar shows that it could be a regulatory modification. Cycling is due to two enzymes in mammals: the O-GlcNAc transferase (OGT) and the O-GlcNAc glucosidase. The mechanisms that target these two enzymes to their multiple substrates remain unclear. Autophagic flux increases in cells deficient in OGT (23, 73) , and a recent study showed that mTOR signaling, linked to nutrient status sensing, regulates the O-GlcNAc modification through OGT stability (74) .
Acetylation and ubiquitination modify mostly Lys residues. Proteins are acetylated by addition of acetyl group from acetylCoA by lysine acetyltransferase (KAT) or NH 2 -terminal acetyltransferase. Acetylation depends on nutrient context. Autophagy is regulated by acetylation both through modifications to nuclear proteins, such as histones, which can influence the expression of autophagy-related genes, and through modification of transcriptional factors such as FOXO (1 and 3) and cytosolic proteins ATG (6) .
Conjugation of ubiquitin (Ub) to lysines of various proteins results in catabolism through the proteasome and autophagy. Ub is one of the signals recognized by the specialized autophagy receptors implicated in selective autophagy (37, 83) . Accumulating data in recent years indicate that ubiquitination is also involved in protein stability and protein-protein interactions. The ubiquitin conjugation system that tags target proteins with Ub is composed of three types of enzymes (activating enzyme E1, conjugating enzyme E2, and ligating enzyme E3). The E3 ligases are specific for particular substrates. Additional Ub molecules may be successively added, thus forming a polyubiquitin chain. Ub possesses seven lysines in its sequence (K6, -11, -27, -29, -33, -48, -63), each able to initiate formation of a mono or poly-Ub chain. Lys 48 -linked Ub is a recognition signal for degradation of the tagged protein by the proteasome. There is some evidence that the site of conjugation Ub, such as Lys 11 or Lys 63 , results in different outcomes (29) . Thus, the fate of the modified substrate protein depends on the nature and extent of the Ub modification. The isopeptide bond between Ub and its targets can be cleaved by deubiquitinating enzymes/proteases (DUBs). Finally, other ubiquitin-like proteins like small ubiquitin-related modifier (SUMO) or interferon-stimulated gene 15 (ISG15) can also be conjugated to ATGs and related proteins (9) . Like ubiquitination, sumoylation is a dynamic process that results in covalent attachment of SUMO in monomeric or polymeric form (or as hybrid chains with Ub) to protein substrates (25) .
PTM during autophagosome formation. During the initiation of the autophagosome formation, several ULK1 complex components are posttranslationally modified. In mammalian cells, whatever the nutritional conditions, the Ser/Thr kinases ULK1/2 are associated with ATG13, FIP200, and ATG101 in a stable complex (Fig. 1A) (53) . Because the ULK complex directly senses mTORC1 and AMPK activities, it is placed in the "cascade" proceedings at the most upstream position in the autophagy pathway, at least for energy-and nutrientinduced autophagy (38) .
The ULK1 kinase can also be ubiquitinated via an interaction with AMBRA1. In starvation conditions, AMBRA1 is dephosphorylated and can interact with ULK1/2 to recruit the ring-finger-specific E3 ubiquitin ligase tumor necrosis receptor-associated factor 6 (TRAF6), which mediates the ubiquitination of ULK1 responsible for its stabilization during autophagy induction (68) . The autophosphorylation of ULK1, which occurs under sustained starvation conditions, favors the recruitment of Cul3-KLHL20 ubiquitin ligase. Ubiquitination of ULK1 by Cul3-KLHL20 triggers its proteasomal degradation and turns off autophagy (50) .
ULK1 is also a substrate for acetylation. Under serum deprivation, mammalian acetyltransferase KAT5/TIP60 is activated by phosphorylation by GSK3 and acetylates ULK1 on Lys 162 and Lys 606 . Stabilization of ULK1 by this PTM is essential for the initiation of autophagosome formation (49, 115) .
Regulation of ATG1 complex in yeast and of the mammalian ULK complex has similarities and differences. The differences in the phospho status of the different members of these complexes in yeast, Drosophila melanogaster, and mammalian cells render conceivable that other kinases or phosphatases in addition to mTOR, AKT, and AMPK contribute to the activity of this complex in the triggering of autophagosome formation. It has been proposed that different phosphatases contribute to the dephosphorylation of the members of the ULK complex (112) . A direct interaction between UNC51 (the Caenorhabditis elegans ortholog of the yeast ATG1) and the protein phosphatase (PP) 2a has been shown, and FIP200 has a motif that should enable interaction with PP1 (70) .
The biogenesis of the autophagosome is also regulated by the PI3KIII complex (notably the complex including the lipid kinase VPS34, VPS15, and Beclin-1), and its activity also depends on various PTMs. This complex catalyzes the production of the PI3P at the ER, which is required for the recruitment of other ATG proteins. The activity of the PI3KIII complex is modulated through various components (1, 112) . For example, ATG14L and UV radiation resistance-associated gene product (UVRAG) interact with the same domain of Beclin-1 ( Fig. 1 , B and D) so their interactions are mutually exclusive and result in different complexes that function in formation and maturation of the autophagosome, respectively (80) .
Sumoylation enhances the interaction of VPS34 with Beclin-1 and the association of Beclin-1 with ATG14L or UVRAG, resulting, in turn, in stimulation of autophagy (122) . Deacetylase inhibitors induce autophagy by increasing the level of acetylated heat shock protein 70 (HSP70). Acetylated HSP70 interacts with the PI3KIII complex and recruits the SUMO ligase Kap1, which decorates VPS34 at Lys 840 (122) . The Ser/Thr protein kinase D (PKD), a downstream of deathassociated protein kinase (DAPK), interacts with PI3KIII and phosphorylates VPS34 at Thr 677 under oxidative stress. This PKD-mediated phosphorylation activates PI3KIII and increases autophagy (48) . The kinase activity of VPS34 is inhibited by phosphorylation at Thr 159 by cyclin-dependent kinase (CDK) 1, which disrupts its interaction with Beclin-1. CDK5 phosphorylation of VPS34 in its catalytic domain at Thr 668 is also inhibitory. Moreover, both VPS34 and Beclin-1 are direct substrates of cullin ubiquitin ligase 3 (Cul3-KLHL20), which triggers their ubiquitination and proteasomal degradation under prolonged induction of autophagy (50) (Fig. 1B) .
Beclin-1 acts as a central interaction platform for the formation of an inactive homodimer stabilized by B cell lymphoma 2 (Bcl-2) family proteins, such as Bcl-2 and Bcl-XL, to inhibit autophagy or for formation of a heterodimer with ATG14L to stimulate autophagy (Fig. 1B) . Depending on the stimuli, Beclin-1 directly binds to different proteins in the PI3KIII complex (Fig. 1B) (1, 80, 112) : the ATG14L protein is an essential partner of the PI3KIII complex, since it targets the complex to the ER. Phosphorylation of ATG14L at Ser 29 by ULK1 is dependent of its interaction with ATG13 and is important for phagophore formation but not for downstream events such as the activity of the ubiquitin-like conjugation systems and the maturation of autophagosomes (72) . This phosphorylation mediates the interaction of the ULK complex with the ATG14L-containing PIK3III complex (72) . The binding of Bcl-2 or Bcl-XL to Beclin-1 negatively regulates autophagosome formation by promoting the dissociation of Beclin-1 from the PI3KIII complex (75) . The interaction between Beclin-1 (via the BH3 domain) and Bcl-2 or Bcl-XL is regulated by PTMs such as phosphorylation and ubiquitination (Fig. 1B) .
Under conditions that stimulate autophagy, the E3 ligase TRAF6 induces a Lys 63 polymeric ubiquitination of Beclin-1, which blocks its interaction with Bcl-2, favoring interaction with PI3KIII (97) . In macrophages activated by lipopolysaccharides, induction of autophagy directed by Toll-like receptor 4 (TLR4) is driven by TRAF6-mediated ubiquitination of Beclin-1, resulting in clearance of pathogens (97) . In the context of infection, a deubiquitinase A20 can remove Ub from Beclin-1 and restore the Beclin-1/Bcl-2 interaction, which inhibits the TLR4-induced autophagy (97) .
Beclin-1 is also a direct substrate of the complex Cullin-RING ubiquitin ligase composed of Cul4 and the ligase Rbx1 in association with AMBRA1. This complex triggers poly-Lys 63 ubiquitination of Beclin-1, which strengthens its interaction with AMBRA1 and the activity of PI3KIII complex inducing autophagy in starvation medium (117) . The WASH protein, a member of the Wiskott-Aldrich syndrome protein family, disrupts this association. Beclin-1 is also polyubiquitinated at Lys 11 linkage by another E3 ubiquitin protein ligase, NEDD4, which promotes its degradation by the proteasome pathway (1) . Deubiquitination of Beclin-1 can be achieved by the DUBs USP10 and USP13, triggering autophagy. Spautin-1, an inhibitor of the USP10 and USP13, contributes to protea- ) by c-Jun NH 2 -terminal kinase 1 also promotes dissociation of Bcl-2 from Beclin-1 and induces autophagy (110) . The interaction between Bcl-2 and Beclin-1 also prevents phosphorylation of Beclin-1 at Ser 90 by mitogen-activated protein kinase-activated protein kinases 2 and 3, thereby inhibiting autophagy (109) .
The formation of Beclin-1-ATG14L heterodimer complex is facilitated by the phosphorylation of Beclin-1 at Ser 14 by ULK1/2 (85) . The formation of this heterodimer facilitates proautophagic phosphorylation of Beclin-1 by AMPK, which in turn enhances the formation of Beclin-1-PI3KIII complex by phosphorylating Beclin-1 at Ser 93 and Ser 96 . Both AKT and epidermal growth factor receptor (EGFR) inhibit autophagy by phosphorylating Beclin-1 (105, 111) . Beclin-1 phosphorylation by AKT strengthens its interaction with intermediary filament cytoskeleton (through vimentin and protein 14-3-3) and prevents its association with the PI3KIII complex. Activated EGFR phosphorylates Beclin-1 at Tyr 229 , Tyr 233 , and Tyr 352 , which destabilizes the PI3KIII complex and promotes the association of Beclin-1 with Bcl-2 and its homodimerization. Beclin-1 can be also modified by ISG15 under type I interferon treatment, leading to inactivation of the PI3KIII complex; indeed, ISGylation competes with Lys 63 ubiquitination, which is essential for Beclin-1 activation (119). In the diabetic heart, Beclin-1 and Bcl-2 have been reported to be modified by O-GlcNAcylation, which has been implicated in a blunted autophagic response (56) . These different PTM events that control various interactions permit connections of different complexes implicated in the initiation of the formation of the autophagosome.
The production of PI3P allows the recruitment of phosphoinositide-interacting proteins WIPI1 and WIPI2 through their WD repeat domains to the future site of formation of the autophagosome (79) . ATG9A is a transmembrane glycoprotein that delivers lipids from various donor sources used for the nucleation and the extension of the membrane of the phagophore in the early stage of autophagy (71) . The control of ATG9A cycling from the ER to the peripheral endosomes and Golgi apparatus by WIPI2 is dependent of its phosphorylation. The localization of ATG9A at the membrane of the autophagosome depends on the phosphorylation of its COOH-terminal domain at Ser
761
. Under nutrient-rich conditions, both ULK1/2 and AMPK phosphorylate ATG9A at low levels. Under hypoxic stress, activated AMPK directly phosphorylates ATG9A at Ser 761 , creating an enhanced recruitment of the protein at the membrane of autophagosome and enhanced autophagosome production (108) . The glycoprotein ATG9A has four predicted N-glycosylation sites; only one site, Asn 99 , has been shown to be glycosylated in HEK 293 cells. It seems that this localization and function is due in part to its glycosylation (124) .
The elongation of the membrane of the phagophore and the formation of the autophagosome require two ubiquitin-like conjugation systems: ATG12 and microtubule-associated-protein 1 light chain 3 (LC3), the ortholog of the yeast ATG8 (Fig. 1C) . These ubiquitin-like proteins are conjugated by the E1-activating enzyme ATG7 and the E2-conjugating and E3-ligating enzymes that conjugate ATG5 to ATG12 and phosphatidylethanolamine (PE) to LC3. The first system covalently conjugates ATG12 (activated by ATG7) to ATG5 (K 130 ); the reaction is catalyzed by the E2-like enzyme ATG10. The conjugate ATG5-ATG12 forms a heteropolymer with ATG16L essential for the lipidation of LC3. Before the conjugation of PE on LC3 by the second ubiquitin-like conjugation system, Fig. 1 . Posttranslational modifications (PTMs) of autophagic core machinery. The steps of autophagosome maturation are shown schematically. PTMs that regulate autophagy include phosphorylation (P), ubiquitination (U), sumoylation (SUMO), acetylation (Ac), and GlcNAcylation (O-GlcNAc). Modifications that negatively regulate the autophagy process are in red, and those that positively regulate the process are in green. A: regulation of Unc51-like kinase (ULK) complex activity during autophagy initiation by PTMs. The induction of autophagy is initiated by ULK complex activation, which integrates upstream nutrient signaling [mechanistic target of rapamycin (mTOR), energy status AMP-activated protein kinase (AMPK), and various stresses]. Bottom, the ULK complex contains ULK1/2, autophagy-related (ATG) 13, focal adhesion kinase family interacting protein of 200 kDa (FIP200), and ATG101. Under the control of v-akt murine thymoma viral oncogene homolog 1 (AKT) and mTOR complex 1 (mTORC1), which phosphorylates ULK1/2, ATG13, and activating molecule in Beclin-1-regulated autophagy (AMBRA) 1, this complex is in an inactive state. Top, autophagy is initiated by the activation of the ULK1 complex by acetylation of ULK1/2 by lysine acetyltransferase (KAT5)/TIP60 (induced by serum deprivation) or by inactivation of mTORC1 (induced by amino acid deprivation). Both acetylation and ubiquitination enhance stability and catalytic activity of ULK1/2, which in turn autophosphorylates and thus activates ATG13, FIP200, and ATG101. B: regulation of Beclin-1 and its partners in autophagosome formation by PTMs. Top, the ULK1-activated PI3KIII complex {complex is formed by association of Beclin-1, ATG14L, vacuolar protein sorting (VPS) 34 [the lipid kinase that produces phosphatidylinositol 3-phosphate (PI3P)], vacuolar protein sorting 15 (VPS15 or p150), and other regulators, such as vacuole membrane protein 1 (VMP1) and activating molecule in Beclin-1-regulated autophagy (AMBRA1)} containing ATG14L initiates formation of phagophore. The phosphorylation of Beclin-1 by death-associated protein kinase (DAPK) or Rho kinase (ROCK) 1 promotes dissociation of Beclin-1 from B cell lymphoma 2 (Bcl-2). Phosphorylation of Bcl-2 by c-Jun NH2-terminal kinase (JNK) also facilitates this dissociation. Beclin-1 phosphorylation favors the interaction with ATG14L and thus stimulates autophagosome formation. The sumoylation of VPS34 and the polyubiquitination of Beclin-1 enhance the activity of the PI3KIII complex. Bottom, the interaction between Beclin-1 and Bcl-2 or Bcl-XL is regulated by phosphorylation by mammalian sterile 20-like kinase 1 (MST1). Beclin-1 phosphorylation by AKT or epidermal growth factor receptor (EGFR) suppresses the binding of Beclin-1 with the PI3KIII complex, thereby inhibiting autophagosome biogenesis. Moreover, Cdk5-dependent phosphorylation inhibits VPS34. C: regulation of the ubiquitin-like conjugation systems by PTMs. The elongation and closure of the double autophagosomal membrane is dependent on two specific ubiquitin-like conjugation systems: ATG12-ATG5 and microtubule-associated protein 1 light chain 3 (LC3)-phosphatidylethanolamine (PE). ATG7 acts as an E1-activating enzyme. ATG10 and ATG3 act as E2-conjugating enzymes in the ATG12-ATG5 and LC3-PE conjugation systems, respectively. Under nutrient-rich conditions ATG7, ATG5, LC3, and ATG12 are acetylated and inactive. D: regulation of Beclin-1 and its partners in autophagosome maturation by PTMs. The maturation of the autophagosome and the fusion with the lysosome is under the control of the PI3KIII complex containing UV radiation resistance-associated gene product (UVRAG). Top, the PI3KIII complex includes the Beclin-1-UVRAG heterodimer, VPS34, and p150 and favors autophagosome maturation. Bottom, this PI3KIII complex can be inhibited by Rubicon, after phosphorylation of UVRAG by mTOR. This blocks the fusion between the autophagosome and the lysosome.
LC3 is first cleaved into LC3-I by ATG4B, a cysteine protease, at its COOH-terminus to expose the Gly necessary for the conjugation. Next, LC3-I is activated by the E1 enzyme ATG7 and the E2 enzyme ATG3. The ATG12-ATG5-ATG16 complex acts as an E3 enzyme for the final conjugation reaction of LC3 to the amino group of the phospholipid PE to form LC3-II. These two ubiquitin-like systems are intimately involved in the biogenesis of the autophagosomal membrane.
LC3-II is involved in the membrane expansion and the closure of the autophagosome (65) . Moreover, ATG4B also hydrolyzes lipids from LC3-II to liberate LC3-I from membranes to initiate its recycling, and this reaction can regulate autophagosomal formation and autophagic flux. The phosphorylation of ATG4B at Ser 383 and Ser 392 increases its hydrolytic activity and triggers an enhanced delipidation of LC3-II (123) . The level of expression of the protein ATG4B is under the control of E3 ligase RNF5, which ubiquitinates ATG4B under basal autophagy conditions, thereby limiting autophagy due to insufficient processing of LC3.
Under nutrient-rich conditions in mammalian cells, acetylCoA is available, and ATG7, ATG5, LC3, and ATG12 are acetylated by the acetyltransferase p300, which directly interacts with ATG7 to inhibit autophagy (46) . Global changes in the acetylation status of autophagic regulators or executors induced by spermidine (a competitor for p300 acetyltransferase) and resveratrol [a sirtuin 1 (SIRT1) deacetylase activator] activate autophagy (59, 67) . During nutrient starvation, autophagy is promoted after deacetylation of ATG7, ATG5, LC3, and ATG12 by the deacetylase SIRT1 and the dissociation of ATG7 from p300 (45) .
Recently, a pool of LC3 has been observed in the nucleus where it is acetylated at Lys 49 and Lys 51 . Under starvation conditions, this nuclear pool of LC3 is deacetylated by SIRT1 and redistributed to the cytoplasm, where it can initiate autophagy by interaction with ATG7 (30) . The acetylation and deacetylation of ATG3 carried out by Esa1 (the ortholog of KAT5) and the deacetylase Rpd3, respectively, has been shown in yeast, but information on PTM of ATG3 is lacking in mammalian cells. The incorporation of LC3 into the autophagosomal membrane may also be regulated by phosphorylation at Ser 12 by PKA (12) . Phosphorylation of LC3 results in reduced recruitment to autophagosomes. This PKA phosphorylation site is lacking in the subfamily of GABARAP and in the orthologs of LC3 in yeast and D. melanogaster. LC3 and GABARAP proteins can also be phosphorylated by mitogen-activated protein kinase (MAPK) 15/ERK8, which induces its lipidation and subsequent incorporation into autophagosomal membrane. This phosphorylation on LC3 is in competition with the phosphorylation of PKA and prevents its inhibition (13) .
PTM during autophagosome maturation. The autophagosome fuses with the lysosome to recycle molecules and organelles. The PI3KIII complex containing UVRAG facilitates the maturation of the autophagosome. The UVRAG protein can be phosphorylated by mTORC1 at Ser 498 , and the phosphorylated UVRAG-containing Beclin-1-PI3KIII complex binds to the regulator Rubicon to inhibit autophagosome fusion with the lysosome (39) .
The mammalian Hippo kinases, STK3 and STK4, phosphorylate LC3 at Thr 50 . The phosphorylation of this site facilitates autophagy by favoring fusion of autophagosomes with lysosomes (113) . Autophagosome maturation and final fusion with the lysosome depends on several SNAREs located on the membrane of the autophagosome. The target membrane SNARE protein Syntaxin 17 is targeted to autophagosomes (32) , and the complex of the two SNAREs Syntaxin 17 and synaptosomal-associated protein (SNAP) 29 is stabilized by ATG14L (14) . Different lysosomal membrane proteins such as small GTPases Rab 7 and Rab 11, the transmembrane lysosome-associated membrane protein 2 (17) , and vesicle-associated membrane protein 8 (VAMP8) also contribute to the formation of autolysosomes. The association of Syntaxin 17, SNAP29, and VAMP8 participates in this fusion event. Under nutrient-rich conditions, O-GlcNAcylation of the protein SNAP29 inhibits the SNARE-dependent autophagosome-lysosome fusion (23) .
Transcriptional Regulation of Autophagy
To preserve cellular homeostasis, basal levels of autophagy ensure intracellular quality control under normal conditions, whereas under stressed conditions (starvation and other stressors) rapid induction of autophagy promotes cellular survival by maintaining adequate amino acid pools and cellular energy levels. The latest evidence suggests that posttranslational protein modifications and protein-protein interactions enable this latter rapid response, whereas transcriptional mechanisms are necessary for a sustained response (78) . One key regulator of autophagy is the kinase mTOR, which acts as a sensor of lysosomal amino acid abundance (which may reflect the overall amino acid cellular abundance) (129) and is recruited by Ras-related GTPases to the lysosomal membrane, where it is ultimately activated (88) (Fig. 2) . Therefore, unexpectedly, the lysosome itself plays a central role in cell signaling. mTOR operates as a hub to integrate upstream signals from diverse sources, including growth factor, insulin, and cellular energy levels (33, 44) . Autophagy is also regulated by intracellular energy levels via the energy sensor AMPK, which directly activates the ULK1 initiation complex (86) . AMPK activity depends on AMP levels, is further regulated by upstream kinases, and can also influence autophagy by inhibiting mTOR. Both AMPK and mTOR can themselves be phosphorylated by ULK1, providing an additional level of regulatory feedback to modulate and fine tune autophagy (2) .
The transcriptional network controlling autophagy is complex and involves a number of transcription factors, most of which are under the control of mTOR (reviewed in Refs. 19, 47, 78, and 92) . Among them, the helix-loop-helix transcription factor EB (TFEB) and the FOXO transcription factors are key transcriptional regulators of autophagy and lysosomal biogenesis. Both shuttle between the nucleus and the cytoplasm, and this translocation is mainly regulated by mTORdependent phosphorylation, which prevents their nuclear translocation (7) (Fig. 2B) . Below, we review recent research on the roles of these transcription factors in autophagy regulation.
TFEB vs. zinc-finger protein with KRAB and SCAN domains 3. TFEB is a member of the microphthalmia-associated transcription factor (MITF) family (76, 94, 95 ) that was first described as a transcription factor involved in lysosomal biogenesis (90) . Successive studies have revealed that it is a master regulator of autophagy as well. TFEB coordinates the expression of autophagy-related genes at all stages of the autophagy process, from phagophore initiation to cargo degradation. Under nutrient-rich conditions, mTOR phosphorylates TFEB while TFEB is bound at the lysosomal surface, which results in the binding of tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation (YWHA or 14-3-3) proteins and the retention of TFEB in the cytosol (57, 82) . TFEB may be phosphorylated at different sites by mTOR and also by MAPK1/ERK2. TFEB nuclear localization is induced by mutation of Ser 142 or Ser 211 to nonphosphorylable residues and by the TOR inhibitors rapamycin and Torin (82, 95) . Conversely, upon nutrient deprivation TFEB translocates to the nucleus, causing increased lysosomal calcium release and activation of the phosphatase calcineurin to directly dephosphorylate TFEB (61) . Remarkably, TFEB links the autophagic pathway to cellular energy metabolism by controlling lipid catabolism via peroxisome proliferator-activated receptor-␣ and peroxisome proliferator-activated receptor-␥ coactivator 1␣ during starvation (93) . This mechanism enhances the ability of cells to The expression of autophagy-related genes can be regulated at different steps by the action of 1) histone modifications, 2) specific transcription factors, and 3) micro-RNAs (miRNAs). A: recently, histone modifications, specifically H3K4me3, H4K20me3, H3K9me2, H3K56ac, and H4K16ac, have emerged as an integral part of the autophagy program. Some of the histone-modifying enzymes involved have been identified. For example, the acetyltransferase males absent on first (MOF) and the deacetylase sirtuin 1 (SIRT1) acetylate and deacetylate histone H4K16, respectively, and the histone methyltransferase G9A dimethylates H3K9. Acetylation induces gene transcription, whereas H3K9me2 is a recognized repressive histone mark. G9A was found to be associated with the promoters of core autophagy genes, including LC3 and WD repeat domain phosphoinositide-interacting protein (WIPI1), and acts as a transcriptional repressor. When autophagy is induced, G9a leaves the promoters and allows demethylation of H3K9 by a still unknown histone demethylase (indicated by a question mark). This event occurs early during autophagic flux, thereby increasing the expression levels of autophagy-related proteins. Conversely, downregulation of the histone acetyltransferase MOF, which in turn contributes to a reduction in H4K16ac, is associated with the repression of autophagy-related genes at a late stage of the autophagic flux, thus providing a regulatory loop that might prevent overstimulation of autophagy (negative feedback). Additionally, H3K4me3 and H3K56ac are downregulated and H4K20me3 is upregulated during autophagy, but the enzymes responsible are currently unknown, and the temporal regulation is not understood. B: under nutrient-rich conditions, mTORC1 is activated and recruited to the lysosomal membrane where it phosphorylates several targets, including the transcription factors transcription factor EB (TFEB) and forkhead box O (FOXO), which are thus retained in the cytosol. Phosphorylation of TFEB, and possibly of FOXO, occurs at the lysosomal membrane. Upon autophagy induction, mTORC1 is displaced from the lysosome and inactivated; dephosphorylated TFEB and FOXO can enter the nucleus, bind DNA, and contribute to the transcriptional activation of the autophagy program and, in the case of TFEB, to the induction of transcription of lysosomal genes as well. C: miRNAs are noncoding small RNAs that target mRNAs for cleavage or translational repression. They exert a posttranscriptional regulation over components of the autophagy core machinery and autophagy regulators. Of note, autophagy, in turn, regulates the biogenesis of miRNAs (negative feedback).
respond to lipid signals and might represent an adaptive response to nutrient deprivation. Interestingly, another member of the MITF family, transcription factor E3 (TFE3), is highly homologous to TFEB and promotes cellular clearance by regulating similar genes. Its overexpression promotes lysosomal biogenesis and autophagy, thus suggesting a potential nuclear coordination of MITF transcription factors in controlling autophagy (58) . Furthermore, TFEB and TFE3 have recently been shown to regulate the integrated stress response by activating activating transcription factor 4 (58).
Conversely to TFEB, another transcription factor, zincfinger protein with KRAB and SCAN domains 3 (ZKSCAN3), has recently been identified as the master transcriptional repressor of autophagy and autophagosome biogenesis (10) . ZKSCAN3 acts in an opposing manner to TFEB, suggesting that they may act together in autophagy and lysosomal biogenesis regulation. This newly emerging view indicates that the lysosome is the central signaling hub that controls cell metabolism and homeostasis. The lysosome-to-nucleus signaling mechanism enables lysosomal function to respond to environmental cues and regulates the switch between cellular biosynthetic and catabolic pathways (95) .
FOXOs. The evolutionarily conserved FOXO family proteins transcriptionally activate or inhibit a large series of downstream target genes, thus playing important roles in proliferation, apoptosis, autophagy, metabolism, inflammation, differentiation, and stress resistance. FOXOs activate protein catabolism by inducing two major protein degradation systems, the autophagy/lysosome and the ubiquitin/proteasome pathways (89) (Fig. 2) . Particularly, FOXO1 and -3 function as essential activators of autophagy in response to stress stimuli, such as nutrient deprivation (55, 126) , by regulating expression of multiple ATG genes and by modulating intracellular glutamine levels (102) .
Autophagy-promoting nontranscriptional cytoplasmic functions have been described for FOXO proteins as well (60) . Activated FOXO3 promotes autophagy by increasing the expression of ATG genes (Fig. 2) , especially those of the core machinery that are involved in phagophore and autophagosome formation (91) . FOXO3 also induces transcription-dependent autophagy in which FOXO1, another member of the FOXO protein family, is required (128) . FOXO1 regulates autophagy by two distinct mechanisms: it stimulates the transcription of various ATG genes (51) , and it induces autophagy in the cytosol through direct binding of acetylated FOXO1 to ATG7 (127) . FOXO3 also dramatically increases the expression of the class I phosphoinositide 3-kinase catalytic subunit phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit-␣, leading to an increase in AKT activity. In turn, AKT phosphorylates FOXO1, resulting in its nuclear export and an increase in FOXO1-induced autophagy (26, 127, 128) (Fig. 2) . FOXO1 also affects autophagy through its connection with the unfolded protein response.
Epigenetic Regulation of Autophagy
In addition to transcriptional regulation, sustained expression of autophagy genes can be regulated by epigenetic mechanisms, such as chromatin modulation by histone modification, and by micro-RNAs (miRNAs).
Regulation of chromatin by histone modifications.
Histones are the core proteins that wrap the DNA of a eukaryotic cell into nucleosomes. Each histone protein can be regulated by PTMs in various ways, such as acetylation, methylation, phosphorylation, sumoylation, ubiquitination, and ADP ribosylation. Of these modifications, several histone acetylation and methylation marks have been linked to autophagy regulation (19) (Fig. 2A) , specifically trimethylation of histone H3 (H3K4me3) (20) and H4 (H4K20me3) (41) , dimethylation of H3 (H3K9me2) (3), and acetylation of H3 (H3K56ac) (11) and H4 (H4K16ac) (20) . Histone acetylation, the best-studied modification, is mediated by acetyltransferases (HATs) and histone deacetylases (HDACs). HATs can activate gene transcription by promoting chromatin relaxation. In contrast, HDACs suppress transcription.
The NAD-dependent deacetylase SIRT1 regulates autophagy gene expression through histone deacetylation, and its primary histone target is Lys 16 (K16) on histone H4 (87) (Fig. 2A) . H4K16ac deacetylation inhibits the transcription of genes involved in the early and late steps of autophagy in multiple cell types, including yeast and mouse embryonic fibroblasts (19) . SIRT1-mediated deacetylation of cytoplasmic proteins is required for autophagy induction, as shown in enucleated cells subjected to starvation or rapamycin treatment (67) . This may be due to the direct interaction of SIRT1 with the autophagy proteins ATG5, ATG7, and LC3 (45). Moreover, SIRT1 indirectly regulates autophagy by deacetylation of FOXO3, leading to increased expression of autophagy-related genes (42) .
An antagonist of SIRT1 is the HAT males absent on first (MOF, also known as KAT8 and MYST1) ( Fig. 2A) . Downregulation of MOF contributes to H4K16 deacetylation, thus creating a negative feedback loop associated with the downregulation of autophagy-related genes at a late stage of the autophagic flux, which might prevent overstimulation of autophagy (20) . In addition to histone acetylation, several histone methylation marks have been implicated in autophagy regulation. The methyltransferase G9A, which dimethylates H3K9, is associated with the promoters of core autophagy genes, including those encoding LC3 and WIPI1, where it acts as an autophagy transcriptional repressor under basal conditions. When autophagy is induced, however, G9a leaves the promoters and allows demethylation of H3K9 (by a still unknown histone demethylase), resulting in increased transcription of multiple autophagy genes (3) (Fig. 2A) . Additionally, H3K4me3 and H3K56ac are downregulated and H4K20me3 is upregulated during autophagy, but involved enzymes and timing are still unknown. Of note, during autophagy, H4K16ac and H4K20me3 could, together, downregulate gene expression by inducing RNA polymerase II pausing, which constitutes an important regulatory step in transcription (35) .
miRNAs. miRNAs are highly conserved small (21-25 nucleotides) noncoding RNA molecules that regulate a wide variety of cellular processes by controlling gene expression at the posttranscriptional level by interfering with protein expression or mRNA degradation (43) . In mammals, miRNAs are estimated to regulate ϳ50% of all protein-coding genes and play important roles in all types of biological events, including cell proliferation and differentiation, cell fate determination, signal transduction, organ development, host-viral interactions, and tumor development and progression (43) . Remarkably, miRNAs seem to control every step of the autophagic process and are involved in the induction and regulation of autophagy (Fig. 2C) . Furthermore, during autophagy, the expression of several miRNAs is affected (18, 101) .
An overview of the miRNAs that are currently known to target components of the autophagy core machinery or autophagy regulators is given in Ref. 19 . For example, miR-20a and miR-106b, which suppress ULK1 expression in C 2 C 12 myoblasts (116), can affect autophagy induction. miR-195, which targets ATG14, affects phagophore nucleation (98) as do miR-205 (103) and miR-34 (121) , which inhibit Bcl-2 expression, thus modulating a key negative regulator of Beclin-1. miR-34 also inhibits the expression of the HDAC SIRT1 (120) . Several other miRNAs (e.g., miR-376A and miR-376B) prevent starvation-induced autophagy in human cell lines by blocking the expression of Beclin-1 and ATG4C or reduce autophagy by inhibiting ATG5 expression (miR-181A) (99) . In addition to targeting autophagy-related gene expression, miRNAs also target the mRNAs encoding transcription factors and mTOR pathway components. An example is miR-128, which targets TFEB, underlining a mechanism for fine tuning of the transcriptional regulation of autophagy (94) . It should also be noted that autophagy, in turn, regulates the biogenesis of miRNAs (Fig. 2C) . This might provide an additional level of regulation to preserve cell homeostasis and prevent either excessive or deficient autophagy.
Long noncoding RNAs. Several classes of non-protein-coding RNA molecules exert gene regulation. Long noncoding RNAs (lncRNAs) are RNA molecules longer than 200 nucleotides that interact with DNA, RNA, and proteins and participate in chromatin remodeling, transcription, pre-mRNA splicing, mRNA turnover, translation, and protein stability (63) . lncRNAs regulate various cellular processes, including genomic imprinting, cell fate determination, development, differentiation, and metabolism, and are involved in many human diseases (22) . Their involvement in autophagy regulation has recently been proposed. In vascular endothelial cells, the lncRNA FLJ11812 is a competitor of the mTOR activator 3-benzyl-5-[(2-nitrophenoxy) methyl]-dihydrofuran-2(3H)-one, since it positively regulates autophagy by inhibiting (via sequestration) the ATG13-targeting miR4459 (21) . In the heart, a lncRNA named autophagy-promoting factor can regulate autophagic cell death by targeting miR-188-3p and ATG7 (104) . In addition, lncRNAs have been shown to participate in the regulation of kinase signaling by targeting AMPK (52), thus providing a mechanism coupling lncRNAs with metabolic stress response. lncRNA called NBR2, for neighbor of BRCA1 gene 2, interacts with AMPK and promotes AMPK kinase activity under energy stress, forming a feed-forward loop to potentiate AMPK activation to help cells adapt better to chronic energy stress conditions (52) . This cross-regulation between miRNAs, lncRNAs, and cell homeostatic processes further underlines the adaptive and dynamic nature of the autophagic response.
Conclusion
In this review we discussed how posttranslational modifications phosphorylation, ubiquitination, acetylation, and glycosylation influence autophagy. Other PTMs such as nitrosylation, which modifies cysteine residues, are also engaged in the regulation of autophagy (66) . Overall, PTMs act on the autophagy machinery to modulate the activity and the stability of ATG proteins to in turn finely regulate autophagy to respond adequately to different stress situations. The more we learn about the regulation of autophagy the more it appears that posttranslational and transcriptional regulation serves to integrate autophagy with the different levels of cellular homeostasis.
We can consider the sequence of temporal events as a level of integration. PTMs can contribute to a rapid autophagic response to changes in the intracellular milieu, whereas transcriptional regulation enables adaptation of the autophagic response to more long-term stress situations. We hypothesized that epigenetic modifications contribute to modulate the autophagic response and also to adapt autophagic responses to "déjà vu" stress situations by a sort of autophagy imprinting (19) .
In addition to this temporal separation, PTMs and transcriptional regulation of autophagy can be viewed as different levels of integration in a cell program. The first level is constituted by the regulation of activity and stability of ATG proteins by PTMs. Examples are phosphorylation of ATG proteins (generally activating) and the ubiquitination of ATG proteins (resulting in degradation) (31) . The second level is comprised of modifications that are coordinated with metabolic pathways. Examples are the interplay between intermediate metabolism of acetyl-CoA and the acetylation of ATG proteins and between histones and glucose metabolism, which controls the level of UDP-GlcNAc to regulate O-GlcNAc modifications of proteins (19, 77, 106 ). The third and final level integrates gene expression of both the autophagy machinery and the lysosome biogenesis machinery through the activity of the transcription factors such as TFEB. In addition, this coordination is coupled to that of lipid metabolism (93) . Temporality and different levels of integration are not two exclusive views but most probably are part of the cross talk of autophagy with the ubiquitin proteasome pathway and other mechanisms that contribute to the regulation of proteostasis and beyond that to cell homeostasis.
